In order to investigate factors that contribute to eccentric contraction (ECC)-induced loss of tetanic force, Ca 2+ uptake, Ca 2+ release, and Ca
-ATPase activity of the sarcoplasmic reticulum (SR) and sarcolemmal Na + -K + -ATPase activity were examined in rat fast-twitch skeletal muscles that underwent in situ ECC or isometric contraction (ISC) for up to 500 repetitions. The tetanic force at 60 Hz was more depressed in ECC-treated muscles than in ISC-treated muscles. SR Ca 2+ -ATPase activity displayed biphasic changes in response to ECC; after a temporary increase (up to 200 ECC repetitions), the activity decreased. With ECC, SR Ca 2+ release rate and Na + -K + -ATPase activity decreased during the first 100 repetitions and remained almost constant thereafter. In contrast, the investigated variables (Ca 2+ -ATPase activity, Ca 2+ release rate, and Na + -K + -ATPase activity) were unaltered in ISC-treated muscles. These results indicate that a more pronounced reduction in force output in ECC-treated muscles than in ISC-treated muscles might be attributable, at least in part, to impaired function of the SR Ca 2+ release channel and/or Na
Introduction
Repeated muscle contractions result in progressive decline in performance, which normally recovers within several hours. This reversible phenomenon is recognized as muscle fatigue. It is known that fatigue and recovery processes that are related to eccentric exercise are different from those in concentric and isometric exercises 1) . A bout of unaccustomed eccentric exercise induces skeletal muscle damage that is characterized by a long-lasting decrease in muscle strength and range of motion of the joint, delayed onset muscle soreness (DOMS), and muscle swelling. In particular, some previous studies reported abnormalities in muscles that are impaired by eccentric exercise at the ultrastructural level. Muscles that are damaged by eccentric contraction (ECC) are characterized by sarcolemmal disruption and myofibrillar disorganization during ECC 2) , and crystallized structures within the Zdisk, and swelling of the sarcoplasmic reticulum (SR) immediately after ECC 3) ; consequently, overstretched sarcomeres are the origin of this muscle damage 4) . A previous study found that impaired excitation-contraction coupling occurred in eccentrically damaged mammalian muscle, and most of the early loss in strength could be attributed to a failure of excitation-contraction coupling 2) . It has been suggested that sarcomeres within myofibrils, transverse tubules (t-tubules), and SR are susceptible to damage in the overstretched regions, which may be the basis of excitation-contraction coupling damage.
ECC leads to increases in the intracellular free Ca ]f) as a consequence of the opening of a stretch-sensitive, nonspecific cation channel 5, 6) , and/or protein degradation that is induced by repeated mechanical overstretching of sarcomeres 4) might contribute to the decline of the contractile force. Because the regulation of [Ca 2+ ]f is primarily accomplished by SR in skeletal muscle, it has been proposed that dysfunctions of SR in skeletal muscle may cause the loss of force that occurs as a result of eccentric exercise 7) . There have been few investigations regarding SR Ca 2+ regulation in damaged muscle immediately after ECC, and the existing literature on this topic is controversial. Sixty-minutes of eccentric cycling *Correspondence: matsunaga@cc.miyazaki-u.ac.jp exercise 8) and 200 repeated electrical eccentric muscle extensions 9) elicited pronounced increases in SR Ca 2+ -ATPase activity. In contrast, some studies showed no detectable changes in SR Ca 2+ -ATPase activity immediately after eccentric downhill running 10) or ECC with electrical stimulation 11) . Although the reason for this discrepancy between the studies remains unclear, it is possible that SR Ca 2+ -ATPase activity could fluctuate with time of ECC, and differences in amounts of ECC to which muscles were exposed could yield conflicting results.
The addition of the Ca 2+ ionophore to the assay mixture maximally stimulates activity because it allows backflow of Ca 2+ across the vesicular membrane. In the absence of the ionophore, SR Ca 2+ -ATPase activity primarily depends on the integrity of the SR vesicle membrane. Therefore, ECC-induced alterations in SR membrane properties can be evaluated by SR Ca 2+ -ATPase activity in the presence and absence of the calcium ionophore 12) . However, no studies have examined the time course of changes in SR function and integrity of the SR membrane following ECC repetitions.
In skeletal muscle, the excitability of sarcolemma is intimately dependent on the capacity for active transport of Na + out of and K + into the cell 13) . Na + -K + -ATPase and Na + -K + pumps play crucial roles in skeletal muscle by maintaining the normal electrochemical gradients for K + and Na + , which keeps the membrane adequately polarized and permits continued muscle excitability and contraction 13) . The vectorial transport of Na + and K + across the sarcolemma by pump function restores ionic gradients after action potential 14) . Previous studies showed that Na + -K + -ATPase activity was reduced with heavy isometric 15) , isokinetic 16) , and progressive exercise 17) . ECC might elicit the formation of abnormal membranes that are involved in the excitation-contraction coupling process 18) and the pronounced increases in intracellular Na + concentration ([Na + ]i) 19) by Na + entry through ECC-induced fiber muscle membrane disruption and t-tubule tears 5) or the opening of stretch-sensitive cation channels 5, 6) . However, few studies have focused on ECC-induced alterations in Na
The main objective of this study was to investigate alterations in SR Ca 2+ handling and excitability of sarcolemma in rat skeletal muscles during ECC compared with isometric contraction (ISC) in order to examine factors that contribute to the decline of the contractile force during enhanced ECC activity. In addition, to identify the ECC-induced alterations in the SR membrane, we determined the ratio of Ca 2+ -ATPase activities in the presence and absence of the Ca 2+ ionophore. In this study, we test the hypothesis that the decline in contractile force during 500 ECC repetitions would be induced by a functional reduction of SR Ca 2+ -handling, SR membrane integrity, and sarcolemma excitability.
Materials and Methods
Animal care and exercise procedures. In total, 72 male Wistar rats that were 9 weeks of age were housed in a thermally controlled room that was maintained between 20ºC -24ºC under a 12-h light/dark cycle. Water and food were provided ad libitum. The Animal Care Committee of Hiroshima University approved the experimental protocols in this study. The rats were randomly divided into ECC and ISC groups (ECC: n = 36, ISC: n = 36). The rats were deeply anaesthetized by intraperitoneal injection of pentobarbital sodium (4 mg 100 g -1 body weight) throughout the experiment.
ECC was induced by the methods that were described by Kanzaki et al. 9, 20) . Briefly, the animal was placed in the supine position on the supporting platform and the left foot was secured in a foot holder that was attached to the rim of the servomotor. The knee was secured using a strap so that the foot was perpendicular to the lower leg. A pair of sterilized needle electrodes was inserted through aseptically prepared skin for stimulation of the peroneal nerve in the left leg that innervates the left extensor digitorum longus (EDL) and tibialis anterior (TA) muscles. Correct location of the needles was ensured by the dorsiflexion of ankle joints and extension of toes in response to electrical stimulation of the common peroneal nerve. Repetitive contractions of the EDL and TA muscles were induced by electrical stimuli that were applied to the common peroneal nerve. Muscle contractions were elicited by stimulating the peroneal nerve by using a 1000-ms train of 1-ms pulse at 50 Hz and supramaximal voltage. For the ECC protocol, the experimental leg was forcibly extended by servomotor at an angular velocity of 150 deg s -1 from the ankle joint, from 30 to 180 deg, in synchrony with electrical stimulation of the nerve over a period of 1 s.
Because the techniques in this study elicited ECC by electrical stimulation, it is necessary to consider not only ECC but also the influence of electrical stimulation. Therefore, ISC using electrical stimulation was evaluated, and the influence of electrical stimulation was examined by comparison with ECC. For the ISC protocol, the ankle joint was fixed at 90 deg during stimulation for 1 s. ECC and ISC were repeated every 4 s for a total of 100 (100ECC, 100ISC), 200 (200ECC, 200ISC), 300 (300ECC, 300ISC), or 500 (500ECC, 500ISC) repetitions. Based on previous studies that evaluated ECC 21) , 500 repetitions were chosen for the maximum number of repeated contractions.
Immediately after ECC or ISC, experimental EDL and TA muscles (left hindlimb) and contralateral, untreated control muscles (right hindlimb) were quickly excised. The amount of EDL or TA muscle was too small to use for both physiological and biochemical analyses. Therefore, EDL and TA muscles were used to measure force output and biochemical analyses, respectively. As discussed by Kanzaki et al. 20) , EDL and TA muscles have 119 JPFSM : ECC induces alterations in SR Ca 2+ handling nearly the same composition of fast-twitch fibers, and exhibit similar functional deficits after ECC. Some previous studies assumed that these two muscles are similarly affected by ECC 20, 22) . At the end of the experiment, the rats were killed by brief diethyl ether inhalation followed by intraperitoneal anesthetic overdose (pentobarbital sodium, 10 mg 100 g -1 body weight).
Measurement of isometric force output. Isometric contractile force of the EDL muscles was recorded at 30°C in a chamber that was filled with a solution of the following composition (in mM): 115 NaCl, 5 KHCO3, 1 MgCl2, 20 NaHCO3, 2 CaCl2, 5 N, N-bis(2-hydroxyethyl)-2-aminoethanesulfonic acid, 11 glucose, 0.3 glutamic acid, and 0.38 glutamine, as previously described 9, 20) . The solution was continuously bubbled with 95% O2 -5% CO2, which yielded a pH of 7.4. EDL muscles were connected to an isometric force transducer. The stimulation pulses were applied via two platinum plate electrodes that were placed on each side of the muscle. The muscles were allowed to equilibrate for 10 min, during which time optimal length was determined. Tetanic forces were elicited by direct stimulation at 60 Hz using supramaximal voltage, 1-ms pulses, and 1.5-s trains. Force was recorded on a personal computer, analyzed using dedicated software, and normalized to the cross-sectional area, where the cross-sectional area was computed as muscle wet weight divided by the product of muscle length and density (1.07 g mL -1 ). For optimal length, muscle weight, muscle length and crosssectional area calculated, there were no significant differences among all groups.
Homogenate preparation. TA muscle pieces were diluted 1:9 (mass vol -1 ) in ice-cold homogenizing buffer (pH 7.4) that was composed of (in mM) 300 sucrose, 20 MOPS/KOH, 0.0014 pepstatin, 0.83 benzamidine, 0.0022 leupeptin, and 0.2 phenylmethanesulfonyl fluoride. They were mechanically homogenized 3 times with a hand-held glass homogenizer (Asone, Osaka, Japan) at 5,000 rpm for 30-s bursts that were separated by a 30-s break. The homogenate was then centrifuged at 5,000 g for 10 min. The obtained supernatant was quickly frozen in liquid nitrogen and stored at -80°C. Measurements of SR Ca 2+ -ATPase activity and Ca 2+ -uptake and -release rate were performed on the supernatant. The protein concentrations were determined by the method described by Bradford 23) by using bovine serum albumin as a standard.
SR Ca
2+ -ATPase activity. SR Ca 2+ -ATPase activity in the presence and absence of 1 µg mL -1 Ca 2+ ionophore A23187 (Sigma) was spectrophotometrically measured in muscle homogenates in triplicate at 37°C, according to the methods of Simonides & van Hardeveld 24) . Briefly, the assay mixture (pH 7.1) was comprised of (in mM) 20 N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES), 1 EGTA, 200 KCl, 15 MgCl2, 0.8 CaCl2, 10 sodium azide (NaN3), 0.4 NADH, 10 phosphoenolpyruvate, 12.1 U mL -1 pyruvate kinase, and 20.2 U mL -1 lactate dehydrogenase. The reaction was started by adding Mg-ATP at a final concentration of 4 mM. Finally, the CaCl2 concentration increased to 20 mM to inhibit SR Ca 2+ -ATPase activity selectively. The remaining activity was considered as the background ATPase activity. The activity of SR Ca 2+ -ATPase was calculated as the difference between total and background ATPase activities.
2+ uptake and release rate. SR Ca 2+ uptake and release rate was measured in triplicate at 37°C using the Ca 2+ fluorescent dye indo-1, as previously described 22) . Extravesicular [Ca 2+ ]f was monitored using a spectrofluorometer (CAF-110; Nihon-Bunko, Kyoto, Japan). Excitation light came from a high-pressure lamp that was equipped with a monochromator and filtered at 349 nm. Emission fluorescence was determined using a pair of photomultipliers as well as 410 nm and 500 nm filters. The assay mixture was composed of (in mM) 20 HEPES, 100 KCl, 6.8 potassium oxalate, 0. . Homogenates for Na + -K + -ATPase activity were freezethawed four times and then diluted 1:9 (mass vol -1 ) in icecold homogenate buffer that was composed of (in mM) 250 sucrose, 2 EDTA, 5 NaN3, and 10 Tris (pH 7.4). After the addition of a 30 μL aliquot of homogenate to 1 mL of assay mixture that was composed of (in mM) 5 MgCl2, 1.25 EDTA, 1.25 EGTA, 5 NaN3, and 100 Tris (pH 7.4), the assay mixture was incubated at 37°C for 3 min. The reaction was started by adding 3-O-MFP to produce a final concentration of 200 μM. Finally, the Na + -K + -ATPase activity was determined by an increase in activity after the addition of 10 mM KCl. Changes in fluorescence were quantified by fluorescence spectrophotometry (excitation wavelength = 475 nm; emission wavelength = 515 nm). The Na + -K + -ATPase activity was based on the difference in slope before and after the addition of KCl.
Statistical analysis. All data are presented as mean ± SE. To determine if significant differences exist between control and experimental muscles and between SR Ca2 + -ATPase activities in the presence and absence of the Ca2 + ionophore, a Student's t test was used for paired samples. A two-way ANOVA was used to investigate the effects of contractile protocol (ISC vs. ECC) and number of contractions. In this case, the statistical procedures were performed using the relative values in experimental muscles that were expressed as percentages of those in contralateral muscles. If an overall significant F value was obtained, Scheffe's post hoc test was used to identify differences between groups. Statistical significance was set at P < 0.05.
Results

Isometric force.
For the results obtained from all measurements, there were no significant differences among all control groups. As shown in Fig. 1 , isometric force that was generated at 60 Hz significantly declined to 47.2, 39.4, 47.3 and 45.9% of the control at 100ECC, 200ECC, 300ECC, and 500ECC, respectively (P < 0.05). In ISC, contractile force declined to 65.6, 67.6, 51.8 and 69.3% of the control at 100ISC, 200ISC, 300ISC, and 500ISC, respectively (P < 0.05). A main effect was observed between ECC and ISC (ISC > ECC: P < 0.05).
SR Ca
2+ -ATPase activity. In ECC, the Ca 2+ -ATPase activity in the presence of the Ca 2+ ionophore was 103.6 ± 4.6%, 115.7 ± 5.5%, 92.2 ± 5.1% and 89.4 ± 4.6% of the control at 100ECC, 200ECC, 300ECC and 500ECC, respectively (Fig. 2) . In ISC, the Ca 2+ -ATPase activity in the presence of Ca 2+ ionophore was 108.2 ± 10.1%, 82.7 ± 8.5%, 87.9 ± 6.2% and 100.4 ± 13.5% of control at 100ECC, 200ECC, 300ECC, and 500ECC, respectively. Significant changes in SR Ca
2+
-ATPase activity were observed compared with that in the control when 200 ECC repetitions were exceeded (P < 0.05). They displayed biphasic changes in response to ECC; after a temporary increase (up to 200 ECC repetitions), the activity decreased. In Ca 2+ -ATPase activity in the presence of the Ca 2+ ionophore, a main effect was observed between ECC and ISC (P < 0.05).
Ionophore stimulation was determined to assess vesicle integrity by measuring the ratio of the presence to absence of A23187 in Ca 2+ -ATPase activity. ECC-induced SR Ca 2+ -ATPase activity with A23187 was twice as high as the catalytic activity without the Ca 2+ ionophore ( Fig. 2 : P < 0.05). However, no significant difference in the ECCinduced ratio could be found compared with the control. These results show that the excitation of the SR vesicle membrane was probably not affected by ECC. No significant change was observed in ISC compared with ECC.
SR Ca
2+ uptake and release rate. The rate of Ca 2+ uptake was 105.5 ± 3.8%, 111.7 ± 5.0%, 106.6 ± 5.65%, and 106.2 ± 4.0% of the control at 100ECC, 200ECC, 300ECC, and 500ECC, respectively (Fig. 3) . In ISC, Ca 2+ uptake rate was unaffected. The rate of Ca 2+ release that is induced by ECC significantly declined to 81.8 ± 4.8%, 87.2 ± 8.3%, 84.9 ±7.1%, and 82.1 ± 3.9% of the control at 100ECC, 200ECC, 300ECC, and 500ECC, respectively ( Fig. 4 : P < 0.05). In ISC, Ca 2+ release rate was also unaffected.
Na
+ -K + -ATPase activity. To examine the alteration of ECC-induced sarcolemma excitability, we employed Na Fig. 5 , the activity declined to 82.4 ± 3.7%, 82.9 ± 4.1%, 87.0 ± 3.0%, and 86.1 ± 4.4% of the control at 100ECC, 200ECC, 300ECC, and 500ECC, respectively (P < 0.05), which indicates that ECC induced disturbances in Na + -K + -ATPase activity. In ISC, however, the activity did not significantly differ between the control and contracting muscles. With regard to Na + -K + -ATPase activity, a main effect was observed between ECC and ISC (P < 0.05).
Discussion
The first result in this study was no alteration at 100ECC, a significant increase at 200ECC, and significant decrease at 300ECC or more with regard to SR Ca It was previously suggested that the mechanisms might depend on an increase in the number of active Ca 2+ pumps 8) . These findings were thought to be supported by a possible explanation for the significant increase in SR Ca 2+ -ATPase activity that was observed at 200ECC. It is a possibility that repeated overstretching caused not only muscle fiber membrane disruption but also damaged SR, which, in turn, reduced Ca 2+ pumping ability 27) . Overstretched myofibrils that were induced by increased ECC are accompanied by the movement of Ca 2+ into the sarcoplasm 4) . It has been suggested that this significant decrease at 300ECC or more may be attributed to the uncontrolled movement of Ca 2+ into the sarcoplasm, as activity changed with regard to the amount of ECC. Based on the principal findings of this study, we suggest that the differences in the amount of ECC caused increased or unchanged SR Ca
2+
-ATPase activity that occurred immediately after ECC in previous studies [8] [9] [10] . It has been documented that increased Ca 2+ entry through regions in the damaged muscle fiber membrane 27) and/or initial injury at the ultrastructural level 28) , that is elicited by contraction with stretch, could cause loss of intracellular Ca 2+ homeostasis. Acute up-regulation in SR Ca 2+ -ATPase activity in early stages of ECC is due to restoration of Ca 2+ homeostasis 29) . This phenomenon likely indicates that Ca 2+ -sequestration will increase if needed 27) . ATP pump dysfunction is considered another aspect of ECC damage. It has previously been shown that, when the myofibrils are stretched by ECC, some sarcomeres resist the stretch more than others; consequently, weaker sarcomeres stretch more 4) . It is well known that the structural distortions that are produced by mechanical stress lead to membrane damage 28) . The ECC-induced decline of the Na + -K + -ATP pump contributed to impaired sarcolemmal excitability and excitation-contraction coupling in rat fast muscle 31) , which may explain the decline of Na + -K + -ATPase activity immediately after repeated ECC that was observed in this study.
In conclusion, ECC resulted in force reductions and impaired Ca 2+ release capacity in the SR and decreased Na + -K + -ATPase activity in rat hindlimb fast-twitch muscle. SR Ca 2+ -ATPase activity displayed biphasic changes in response to ECC; but after a temporary increase (up to 200 ECC repetitions), the activity decreased. These results indicate that, compared to the force developed by ISC-contracted muscle, the force developed by ECCcontracted muscle may be affected to a greater extent by diminished excitability of sarcolemma and release of Ca 2+ from the SR.
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The authors declare that there is no conflict of interests regarding the publication of this article. . Previous studies reported ECCinduced abnormalities at the ultrastructural level 2, 3) . It seems that the sarcolemma-associated muscle cytoskeleton after repeated ECC is susceptible to damage, which may be the basis for excitation-contraction uncoupling 31) . Mechanical stress in ECC-induced overstretched muscle fibers elicited damage in the triad junction of the t-tubule system 2) . Because the release of Ca 2+ from the SR is performed by the ryanodine receptor (RyR), which is the largest ion channel located in the intracellular junctions between the SR and t-tubules 32) , we suggest that the RyR abutted to the triad junction would also be impaired by ECC. On the other hand, during repeated muscle activity, each action potential leads to an efflux of K + in the cytoplasm. The rise of extracellular [K + ] in the narrow ttubules occurs when the [K + ] cannot easily diffuse 33) , and can result in some problems with regard to loss of force. We suspect that a gradual rise in t-tubules [K + ] would lead to depolarization and inactivation of Na + channels, which, in turn, initially reduces RyR function via a decrease in the amplitude of action potentials 34) . In ECC, this raises the possibility that an obvious decline in RyR function was explained by these findings.
The third result in this study was a significant ECCdependent decline in Na + -K + -ATP pump function beyond 100 repetitions compared with the control muscle, which is consistent with a previous study that evaluated 200 ECC repetitions 35) . In addition, approximately 50% of all the Na + -K + pumps, which play a role in maintaining Na + and K + gradients across the sarcolemma and t-tubules, are located in the intracellular junctions between the SR and t-tubule invaginations of the plasma membrane 36) . As ECC would overstretch sarcomeres, it seems that the myofibrils, t-tubules, and SR in the overstretched regions are susceptible to damage 2, 31) . Therefore, these observations could explain, at least in part, the reduction in Na 
